ABSTRACT: This paper focuses on external diaphragm joint connecting CHS column and H-shaped beam. Quasi-static tests on three cruciform specimens and finite element analysis using PATRAN/MARC were carried out. The width of diaphragm plate is taken as the test parameter. Four types of failure mode were observed: local buckling of CHS column, noticeable shear deformation at joint zone, doglegged deformation of CHS column, as well as crack at the heat affected zone of CHS column. The specimens exhibited full hysteresis loops, but different initial stiffness and ultimate capacity. Analytical results match the test well and are used to comprehend the force transfer mechanisms between beam flange and diaphragm plate.
INTRODUCTION
For steel building frames, circular hollow section tube and H-steel are suitable for column and beam members respectively. Basically, there are three types of joints connecting CHS column and H-shaped beams commonly used in moment-resisting steel frames: through diaphragm joint, inner diaphragm joint and external diaphragm joint. Among them, external diaphragm joint is most convenient for construction. When forming the external diaphragm joint, the diaphragm plates are welded around the periphery of the column to avoid the cut of the tube in joint zone. It should be potential benefit considering a water-cooling system in steel column to be used (Sakumoto [1] ) in order to prevent from fire heating in high-rise buildings.
Though studies have been carried out by previous research, there are still some unclear points remained for the behavior of the joint. Rink et al. [2] investigated the static strength of external diaphragm joint by numerical method. They found that increasing the width of diaphragm plate would not increase the ultimate capacity as much as that predicted by the AIJ formula. Kamba and Kanatani [3] explained the AIJ formula in detail and concluded that difference of failure mechanism and limiting width-to-thickness ratio of diaphragm plate resulted in the discrepancy between results of Rink et al. and AIJ formula. On the other hand, in the engineering practices in China, the width of the external diaphragm not less than 70% of the width of the beam flange is required. It is on the assumption that the force from the beam flange is transferred entirely through the external diaphragm. Wang et al. [4] performed finite element analysis of external diaphragm type joint under vertical load and pointed out the Chinese provision may be conservative or dangerous under different ratios of axially compressive load to axially yielding force of the column section.
In this paper, the authors report experimental research about the beam-column joint in which the width of external diaphragm plate is taken as a parameter and the specimen is under combined force condition including compressive load on column and cyclic shear-moment action on ends of members. Additionally, finite element analysis using PATRAN/MARC was conducted, and the force transfer mechanism between beam flange and diaphragm plate was discussed.
EXPERIMENTAL PROGRAM
A beam-column connection between the inflection points of a frame subjected to lateral loads can be idealized as shown in Figure 1 (a). The lateral load can be directly obtained by applying horizontal load to the column top. The same deformation of the connection can be achieved by modeling the connection as shown in Figure 1 (b) and the lateral load is simulated by applying antisymmetric loads at the beam ends. The second way is adopted to develop the testing system for convenience. 
Test Specimen
A total of three specimens were tested in this study which consisted of two H-300×175×12×8mm beams connected to a 350×9mm CHS column by means of diaphragm plates. The test variable is the width of diaphragm plate. Specimen details are shown in Figure 2 and geometric parameters for the three specimens are listed in Table 1 , where d c , t c refer to the diameter and wall thickness of the CHS column, b f , t f to the width and thickness of the beam flange, h b , t w to the height of the beam and the thickness of its web, and h s , t s to the width and thickness of the external diaphragm. The radius of the auxiliary circle marked in dashed line in Figure 2 is the sum of the radius of the column and the width of external diaphragm plate. R is the radius of the circle tangent to the auxiliary circle and the edges of the orthogonal beam flanges and can be evaluated by Eq. 1. The size of the specimen DIA-125 was selected to be one-half scale corresponding to its prototype structure. The height of the column, H, is 3025 mm and the total beam length, L, between the two loading points at cantilever ends is 3600 mm. The material properties of the specimens were measured by conducting coupon tests and the average yield stress of the column, beam flange and external diaphragm was found to be 464 MPa, 389 MPa and 420MPa respectively. 
Test Setup
The specimens were tested in State Key Laboratory of Disaster Prevention in Civil Engineering at Tongji University. The test setup was designed to implement the load and boundary conditions shown in Figure 1 (b). Figure 3 shows a schematic of the test setup. Spherical bearings were placed at the two ends of the beam as well as the top and the bottom of the column to achieve the expected restraint as perfect pin-boundary conditions. The spherical bearing at the top of the column was attached to the steel reaction frame with one tubular brace, and the other at the bottom of the column was fixed on the foundation, which was attached to the steel reaction frame with a foundation beam. The spherical bearings at the two ends of the beam were connected with the two-way hydraulic jacks by high-strength bolts. A load cell was mounted between the two-way jack and the spherical bearing at the east beam end to monitor the actual applied load. These jacks were fixed on the foundation beam and the steel reaction frame respectively. A 3200 kN one-way hydraulic jack was placed at the top of the column to apply compressive load. Lateral reaction trusses assembled from angle irons were provided to hold back out-of-plane movement of the beams. The test setup had a displacement capacity of ±250 mm and a load capacity of ±300 kN.
The specimens were instrumented to monitor the response during the loading process in order to comprehend the specimen behavior, as shown in Figure 4 . Strain gauges were glued at the external diaphragm, the panel zone, the beam and the column near the joint zone to investigate local response. Displacement transducers were placed at the west and east end of the beam, the top and the bottom of the column. Corresponding to those positions, displacement measurements are denoted by δ 1 , δ 2 , δ 3 and δ 4 . The relative displacement of the west and east beam end, δ, was calculated from the total displacement by subtracting the rigid body motion of the specimen, as shown in Eq. 2 and Eq. 3. Readings from the displacement transducers at the panel zone were used to calculate the panel shear deformation γ. The vertical load, P, applied to the ends of cantilever beams was measured by the load cell. The global rotation of the connection, θ, and the moment of the connection, M, can be computed by Eq. 4 and Eq. 5, respectively.
(Lateral reaction trusses are not shown for clarity) 
Test Procedure
Each test specimen was subjected to a constant axial load on column and cyclic loads on beams. Axially compressive load was first applied to the top of the column by the compressive hydraulic jack until it reached the given value 0.27N y , where N y is the axially yielding force of the member section, and held constant during the entire loading process. Antisymmetric cyclic loads were then synchronously applied to cantilever ends of beams by the two-way hydraulic jacks. The specimens were tested under force control at the beginning cycles. After yielding, the test was converted to displacement control, following a loading history composed of stepwise increasing deformation cycles and cycling continued until the ultimate capacity of the specimen was reached or the apparatus limitation was exceeded. In fact, displacement control can not be automatically realized by the two-way jacks and must be mated with manually monitoring the readings from the displacement transducers arranged at beam ends.
EXPERIMENTAL RESULTS

Hysteretic Behavior
The plots of the connection moment normalized by the complete plastic moment capacity of beam versus the global rotation of the connection are shown in Figure 5 to 7. The curves indicate good capacity of energy dissipation for the three specimens by the full and stable hysteretic loops. The maximum moment capacity of specimen DIA-125 and DIA-75 are slightly greater than or almost same as the full plastic moment of its beams, while that of specimen DIA-45 is around 10% lower than the beam full plastic moment.
The initial stiffness and maximum moment capacity of the specimens are shown in Table 2 . The initial stiffness, Ki, is obtained by linear regression analysis of the M-θ history from the first elastic cycle. The maximum moment capacity, M max , is calculated by multiplying the maximum force recorded by the load cell by the distance from the center of the two-way jack to the interface of the column.
The maximum moment capacity of specimen DIA-125 is 8% higher than that of specimen DIA-75 and 25% higher than that of specimen DIA-45. The initial stiffness of specimen DIA-125 is 16% higher than that of specimen DIA-75 and 22% higher than that of specimen DIA-45. The fact indicates that the initial stiffness and maximum moment capacity of the specimen are closely related to the width of diaphragm plate.
Failure Mode
Specimens after tests are shown in Figure 8 to 10. Local buckling occurred at the column near the external diaphragm for all the three specimens when the connection moment reached 293kN-m, 268kN-m and 258kN-m, respectively. Typical strain development in the corresponding zone is shown in Figure 11 . For specimen DIA-125, the panel zone underwent noticeable shear deformation and crack was observed in the heat affected zone of the column near the external diaphragm. For specimen DIA-75, the doglegged deformation of CHS column appeared in the large deformation range. For specimen DIA-45, noticeable shear deformation of the panel zone was also observed. Local buckling or fracture of the diaphragm plate did not appear.
The strain gauge data show that the specimens differed in yielding sequence of different locations. For specimen DIA-125, the diaphragm yielded after the panel zone and the column. For specimen DIA-75, the diaphragm yielded following the yielding of panel zone while ahead of the column. For specimen DIA-45, the diaphragm yielded before the panel zone and the column. 
Comparison with AIJ Formula
The yield shear strength of the joint panel and the connection resistance can be calculated according to Recommendation of Architectural Institute of Japan [5，6], and the results are listed in Table 3 . In the table, M sy , M cy , M y and M u are the calculated moment capacity of connection corresponding to the yield shear strength of the panel zone, the yield moment strength of the column, the yield strength of the connection and the ultimate strength of the connection respectively. The yielding sequences of different parts of the three specimens predicted by design formulas are in accordance with those observed in the tests as mentioned above. However, the maximum strength of the specimen obtained from the tests does not correspond well with the ultimate strength of the connection predicted by the AIJ formula. 
4.
FINITE ELEMENT ANALYSIS
Finite Element Modeling
Monotonic finite element analysis is performed to comprehend the force transfer mechanism between beam flange and external diaphragm. PATRAN and MARC [7] are used for mesh generation and analysis, respectively. Four-node quadrilateral shell elements with reduced integration (MRAC element type 140) are used to model the specimens. The mesh at the joint panel and external plates is densified. A representative finite element model is shown in Figure 12 .
Material properties are input according to the data from coupon tests. Classical metal plasticity theory based on Von Mises yield criterion, isotropic hardening and associated flow rule is assumed. Actual load and boundary conditions are specified. Geometric nonlinearities are accounted for through a small-strain, large-displacement formulation. 
Verification
The numerical moment-rotation curves are shown in Figure 5 to 7. One of the typical deformed shapes predicted by numerical analysis is exhibited in Figure 13 . Although no direct comparison was possible, good correlation between the numerical and the experimental work was obtained. 
Discussion of Force Transfer Mechanism
As mentioned above, in the engineering practices in China, the width of external diaphragm plate is only related to the width of beam flange and stipulated as:
As compared to AIJ formula, Chinese provision is simple and may be easier to comprehend. It is deduced on the assumption that the force C f (T f ) from the beam flange is transferred entirely through the external diaphragm, as shown in Figure 14 . Where T d is the axial force born by the diaphragm plate. If the thickness of the diaphragm plate is equal to that of beam flange and the diaphragm plate is required to yield after the beam flange, Eq. 6 must be satisfied.
Finite element analyses show that the horizontal forces in the beam flanges are transferred to both the external plate and the column. Table 4 gives the contributions of the diaphragm plate and the column to transferring the beam flange forces at elastic range, where C f and T f refer to the flange compressive and tensile force, β d and β c to the contribution of the diaphragm plate and the column. β d drops with h s decreasing and β d is smaller under flange compressive force than under tensile force.
Based on the numerical analysis, it can be seen that Chinese provision may be conservative for diaphragm plate. However, as the force transferred to the column may be strong enough to result in the plastic failure of tube wall, Chinese provision can be improved by taken into geometric size of the column. 
CONCLUSIONS
The cyclic behavior of external diaphragm joint connecting CHS column and H-shaped beam is presented. The beam flange force transfer mechanism is discussed through finite element analysis. Based on the experimental and numerical study, the following conclusion can be drawn:
(1) The specimens have excellent capacity of energy dissipation. External diaphragm joint is efficient. (2) The width of external diaphragm plate influences on the initial stiffness and ultimate moment capacity of the specimens. (3) Test results do not correspond well with AIJ formula. (4) Chinese provision about the width of external diaphragm plate maybe conservative. However, it needs to be improved to preclude plastic failure of the tube wall.
